In experimental studies the recovery of pressure distal to stenotic valve orifices has been well described. We evaluated the extent, determinants, and clinical importance of pressure recovery in patients with aortic valve stenosis.
Introduction
In experimental studies, the occurrence of pressure recovery distal to stenotic orifices has been well described [1] [2] [3] [4] [5] [6] . It has been shown that pressure recovery can be calculated in-vitro based on theoretical considerations derived from fluid dynamics [5] . Using these calculations, the magnitude of pressure recovery correlates well with the stenotic valve orifice and the size of the receiving chamber.
It has ben speculated that pressure recovery may also be of clinical relevance in patients with aortic valve stenosis [7] and may be responsible for discrepancies between the pressure differences calculated according to continuous-wave Doppler echocardiography and those differences determined during cardiac catheterization [1] [2] [3] 8] . However, in-vivo there are only limited data available with regard to the magnitude of pressure recovery in patients with aortic valve stenosis and the relationship to other haemodynamic indices of stenotic aortic valves [9] . The relationship of the index pressure recovery to the ratio of the stenotic aortic valve area and aortic size has not yet been sufficiently determined in humans. Thus, the aim of this study was to analyse pressure recovery in patients with mild, moderate and severe aortic valve stenosis. High-fidelity micromanometer tip-catheters were used in order to determine the extent of pressure recovery, verify the relationship to the aortic valve area and aortic cross-sectional area, and evaluate the importance of pressure recovery for clinical decision making.
Methods

Patients
This study was performed in 37 patients with calcified aortic stenosis, in whom left and right heart catheterization was warranted to define the haemodynamic relevance of the aortic valve obstruction and to examine the coronary status. The mean age of these patients was 64 9 years, ranging from 41 to 83 years. There were 23 men and 14 women. All of these patients were in sinus rhythm. The individual haemodynamic data are provided in Table 1 Patients with significant aortic regurgitation (equal to or greater than grade II) were excluded from this study to allow calculation of the aortic valve area, according to the formula of Gorlin and Gorlin. Further exclusion criteria for this study were the presence of concomitant mitral valve disease, atrial fibrillation at the time of the examination, or unstable clinical conditions. All patients gave their informed consent to the study.
Catheterization technique
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fidelity multi-tip micromanometer pigtail catheter (Sentron, Cordis, Miami, FL, U.S.A.) was positioned in the left ventricle. The catheter has a fluid-filled lumen and three laterally mounted piezoelectric micromanometers for pressure measurements. The micro-manometers are located at a distance of 2·5, 7·5 and 23·5 cm from the tip of catheter. This special design was chosen to record simultaneously the pressures within the left ventricular apex, the vena contracta at the site of minimal pressure, and the aorta at the site where pressure recovery had been completed (2·5 to 4 times the aortic diameter) [5, 10] . Figure 1 demonstrates the pressure tracings and the peak-to-peak mean and maximum instantaneous pressure differences. Special attention was used to locate the transducer correctly at the site of minimal aortic pressure. Due to turbulence at the stenotic valve, the pressure fluctuations in the closed vicinity resulted in rapid oscillations of the curve at this site (Fig. 1) . The fluctuations, however, did not prevent the exact determination of the pressure. Thereafter, the pullback of the catheter was performed under fluoroscopic guidance. During pressure measurements, cardiac output was determined by the thermodilution method using a Swan-Ganz catheter.
To prevent drifting of the pressure curves caused by the piezoelectric sensors, the catheter was placed in fluid at least 2 h prior to use. To avoid systematic errors due to a shift of the transducers, equalization of the documented pressure measurements within the descending aorta was demonstrated by further pullback.
Data analysis
(1) Calculation of pressure differences and aortic valve area: To determine the mean pressure drop, the area between ventricular and aortic pressures at the site of the vena contracta (mP(-)) was planimetred using a digitizing tablet (Cardio 200, Kontron, Stuttgart, Germany). Additionally, the area between ventricular and aortic pressures at the site of the recovered aortic pressure (mP(-)) was planimetred. This procedure was repeated for three separate beats.
Pmean is the mean pressure drop (mmHg), A the area between systolic pressure curves in the left ventricle and the aorta (cm 2 ) (shadowed area in Fig. 1 ), SEP the length of the systolic ejection period (cm), and n the calibration of the registration (mmHg . cm 1 ). The maximum pressure differences are determined between the aortic and ventricular systolic pressure at the site of the maximum difference (Fig. 1) . The effective aortic valve area (AVA(-)), and the aortic valve area using recovered pressure (AVA(-)) was calculated using the equation of Gorlin and Gorlin [11] as follows:
CO is cardiac output (ml . min 1 ), HR is heart rate (beats . min 1 ), SEP is systolic ejection period (s . beat 1 ), Pmean is the mean transvalvular pressure drop (mmHg), and 44·3 a constant. (2) Calculation of the aortic cross-sectional area: For calculation of the aortic area A the cross-sectional diameter was measured in the middle part of the ascending aorta at the site where pressure recovery is ongoing, using a computer-based system (Quansad, Munich, Germany). This system was calibrated with an 8 F catheter in both the left anterior oblique and the right anterior oblique projection of each of the X-ray devices in our catheter laboratories. The area was calculated using the formula: a is the aortic diameter using the 60 left anterior oblique projection of the aortography, b is the aortic diameter using the 30 right oblique projection at the same site. (3) Calculation of pressure recovery and index pressure recovery: Pressure recovery is the difference between the pressure drop between the left ventricle and the vena Figure 1 Exemplary recording of the multi-tip micromanometer catheter. A is the pressure at the ascending aorta, X is the pressure at the vena contracta, V is the pressure at the left ventricle, Vff is the pressure at the left ventricle using the fluid-filled lumen of the catheter. The mean pressure drop mP(V-X) is calculated using the shadowed area between the curves V and X, the maximum instantaneous pressure drop maxP(V-X) is represented by the long arrow, and the peak-to-peak pressure drop pP(V-X) by the shorter arrow. PR is the pressure recovery between vena contracta and ascending aorta.
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contracta (P(-) and between the left ventricle and the ascending aorta (P(-):
The index pressure recovery, iPR, can be calculated according to a formula derived from basis of fluid dynamics [5] :
AVA(-) is the effective aortic valve area, A is the aortic cross-sectional area, and P(-) is the pressure drop between the left ventricle and the vena contracta. (4) Calculated aortic valve area: To demonstrate the dependence of pressure recovery on the relationship between the aortic valve area and the cross-sectional area of the ascending aorta, an aortic valve area was calculated using the measured pressure recovery and the cross-sectional area of the ascending aorta and compared with the Gorlin derived aortic valve area. The calculated aortic valve area is:
The equation in full is given in the Appendix.
Statistical analysis
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variables was determined by linear regression analysis. Analysis of the agreement between the two methods was performed as described by Bland and Altman [12] : if the differences between the data of the two methods are normally distributed, 95% of the differences would be expected to lie between the mean difference 1·96 SD. A P value <0·05 was considered statistically significant.
Results
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recovery of the mean pressure was dependent on the recovered AVA(-) with r=0·68 ( Fig. 2) and the effective AVA(-) with r=0·55. Figure 3 shows that the AVA(-), which was determined using the recovered mean pressure drop, was consistently higher than the effective AVA(-). Furthermore, the deviation between AVA(-) and AVA(-) increased with increasing AVA(-).
In 34 patients the systolic diameter of the ascending aorta was measured using the angiograms of the ascending aorta. In three patients the quality of the angiograms did not allow precise measurements to be taken. In the middle part of the ascending aorta, where pressure recovery occurs, the systolic cross-sectional area of the ascending aorta was 10·7 2·0 cm 2 ( Table 3 ). The bold curve in Fig. 4 demonstrates the calculation of index pressure recovery as a function of the effective aortic valve area (AVA(-)) and the cross-sectional area (A) of the ascending aorta according to equation (5), which was derived on the basis of fluid dynamics. The measured values of the index pressure recovery were plotted against the relationship of the effective AVA(-) and aortic cross-sectional area. The linear regression line of the plotted values deviates only very slightly from the bold curve at the plotted interval. The calculated aortic valve area and the measured aortic valve area correlated significantly with r=0·524 (P<0·05; Fig. 5 ) and a significant agreement was detected between both using the method of Bland and Altman (mean difference 0·04 cm 2 with 95% confidence interval from 0·08 to 0·16 cm 2 , all data are between the upper limit of 0·72 cm 2 with 95% confidence interval from 0·51 to 0·92 mmHg and the lower limit of 0·64 cm with 95% confidence interval from 0·43 to 0·84 mmHg; Fig. 6 ).
Discussion
Our data demonstrate that the minimal aortic pressure found beyond the area of the stenotic aortic valve recovers by up to 44% when measured in the ascending aorta ( Table 2 ). The index pressure recovery is directly correlated to the Gorlin-derived aortic valve area, which agrees with theoretical considerations derived from fluid dynamics [5] and previous in vitro studies in steady and pulsatile flow models [1, 2, 4, 5, 8, 13] . In one of these in vitro studies, the magnitude of the pressure recovery was dependent on the stenosis geometry, in particular with regard to the outflow geometry and the shape of the inlet [1] . In contrast to this, in another in vitro study, index pressure recovery was not affected by the geometry of the valve orifices with regard to slit-like or y-shaped orifices, or the geometry of the valve, in terms of short or long nozzles [5] . In the present study, the geometry of the valve orifices were not evaluated echocardiographically, therefore the effect of valve geometry on pressure recovery in vivo was not examined. In addition, pressure recovery is dependent on the relationship between the aortic valve area and the aortic cross-sectional area in experiments of unsteady flow [10] . Even in our in vitro study of a pulsatile flow model, index pressure recovery was dependent on the relationship between the aortic valve area and the aortic cross-sectional area [5] . The present data demonstrate this relationship in vivo, since the regression line of the plotted values in Fig. 4 is close to the curve, and the calculated and measured aortic valve area agree significantly (Figs 5 and 6 ). The cAVA calculation is dependent on the accuracy of the pressure recovery measurements and the size of the aortic cross-sectional diameters.
Since the effective AVA(-) is consistently overestimated by the AVA(-), which is usually determined, the severity of the aortic valve stenosis is consistently underestimated using the recovered pressure. The remaining question, however, is the importance of these findings for clinical decision making [14] . From a clinical point of view, it is unclear whether the maximum 
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pressure drop at the vena contracta or the net drop after pressure recovery characterize the pathophysiological relevance of the stenosis? There is only one good argument for basing clinical decision-making on recovered pressure: the pressure that remains after pressure recovery has occurred determines the work imposed on the pump, not the maximal pressure drop at the valve [15] . However, there are some good reasons for basing clinical decision-making on the maximal pressure drop and aortic valve area calculations using the maximal mean pressure drop. (1) In normal clinical settings, clinical judgment is based on the registration of a more or less recovered pressure and on the calculation of an area, which obviously overestimates the effective aortic valve area. In the common clinical setting, the extent of overestimation is difficult to determine in the individual patient. Thus, the data of different invasive measurements are not comparable. (2) Recent studies have shown that measurements of velocities using continuous wave Doppler, and calculations of the drop according to the Bernoulli equation, are in agreement with the highest instantaneous drop measured invasively [1] . Also, the aortic valve area can be calculated accurately using continuous wave Doppler-derived peak velocities at the site of the aortic valve and the aortic annulus, and the B-mode derived aortic annular cross-sectional area [16] . Thus the effective aortic valve area can be determined by exact invasive or non-invasive measurements. (3) The impact of pressure recovery may outweigh error ranges in aortic valve area calculations due to changes in heart rate or inaccuracies of the formula, therefore pressure recovery should not be neglected. (4) The actual severity of the valve disease is best reflected by the effective valve area, with regard to the clinical time course and consequences. Therefore, we recommend that in future, clinical judgment should be based on the effective valve area, irrespective of the method of examination.
Limitations of this study (1) The main limitation of all studies concerning the clinical evaluation of aortic valve stenosis is the lack of a patent standard for measurements in vivo. (2) When using fluid-filled or micromanometer catheters, the main problem is the calculation of the valve area using the Gorlin constant, which is flow dependent and therefore prone to inaccuracy in low flow states [17] [18] [19] . However, in our study, mean cardiac output was 5·0 0·7 l . min 1 , and low flow state can be excluded. (3) The catheter itself affects the valve area and the pressure drop during the simultaneous registration of left ventricular and aortic pressure. In this study, 8 F catheters were used with a cross-sectional area of 0·05 cm 2 . The catheter-induced change of valve area is very small (4 to 11% of the calculated area), and thus resulted in only a small underestimation of the aortic valve area [20, 21] . However, the withdrawal of an 8 F catheter from a severely stenotic valve can cause a pressure change of as much as 20 mmHg [22] . (4) It is possible that pressure recovery was also affected by the geometry and the symmetry of the aortic orifice, the eccentricity of the jet [3] , the size and the function of the left ventricle [23] , and age-related changes of the compliance of the ascending aorta [24] . However, the individual influence of these variables could not be verified exactly in this in vivo study. (5) Since the coronary arteries originate between the aortic valve and the aorta, where the pressure is recovered, this may have affected flow dynamics. However, coronary flow is minimal at peak systolic pressure and thus can be disregarded at this period of the cardiac cycle [25, 26] . (6) In patients with aortic stenosis, the edge of the aorta may not be parallel, especially at the site of the jet lesion, and this may lead to a false measurement.
Figure 6
Agreement between the calculated aortic valve area and the measured aortic valve area: the difference between the calculated and the measured aortic valve area is plotted against their mean, according to Bland and Altman [12] . Dotted lines represent limits of agreement (mean difference 2 SD).
Conclusions
This clinical study confirms in vivo that the index pressure recovery is directly related to the aortic valve area and inversely related to severity of the stenosis. Furthermore, the index pressure recovery is dependent on the ratio of the valve area and the cross-sectional area of the ascending aorta. Pressure recovery can be relevant in patients with mild to moderate aortic stenosis and in a small cross-sectional area of the ascending aorta.
